The present study reports for the first time the optimization of the infrared (1523 nm) to near-infrared (980 nm) upconversion quantum yield (UC-QY) of hexagonal trivalent erbium doped sodium yttrium fluoride (b-NaYF 4 :Er 3þ ) in a perfluorocyclobutane (PFCB) host matrix under monochromatic excitation. Maximum internal and external UC-QYs of 8.4% 6 0.8% and 6.5% 6 0.7%, respectively, have been achieved for 1523 nm excitation of 970 6 43 Wm À2 for an optimum Er 3þ concentration of 25 mol% and a phosphor concentration of 84.9 w/w% in the matrix. These results correspond to normalized internal and external efficiencies of 0.86 6 0.12 cm 2 W
The present study reports for the first time the optimization of the infrared (1523 nm) to near-infrared (980 nm) upconversion quantum yield (UC-QY) of hexagonal trivalent erbium doped sodium yttrium fluoride (b-NaYF 4 :Er 3þ ) in a perfluorocyclobutane (PFCB) host matrix under monochromatic excitation. Maximum internal and external UC-QYs of 8.4% 6 0.8% and 6.5% 6 0.7%, respectively, have been achieved for 1523 nm excitation of 970 6 43 Wm À2 for an optimum Er 3þ concentration of 25 mol% and a phosphor concentration of 84.9 w/w% in the matrix. These results correspond to normalized internal and external efficiencies of 0.86 6 0.12 cm 2 W
À1
and 0.67 6 0.10 cm 2 W À1 , respectively. These are the highest values ever reported for bNaYF 4 :Er 3þ under monochromatic excitation. The special characteristics of both the UC phosphor b-NaYF 4 :Er 3þ and the PFCB matrix give rise to this outstanding property. Detailed power and time dependent luminescence measurements reveal energy transfer upconversion as the dominant UC mechanism. V C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812578]
I. INTRODUCTION
Silicon (Si) cells make up for about 90% of the worldwide solar cell production. 1 The Si semiconductor absorbs only sunlight with energies higher than the bandgap of 1.12 eV, corresponding to wavelengths shorter than 1100 nm. Accordingly, around 20% of the incident solar energy is lost because photons with energy below the bandgap of Si are not absorbed by the device. 2 This discrepancy between the energy distribution of the photons in the solar spectrum and the absorption spectrum of Si limits the efficiency of silicon based single-junction photovoltaic (PV) devices. Upconversion (UC) is a novel and promising approach to reduce these sub band gap transmission losses. [3] [4] [5] [6] [7] [8] [9] UC refers to an anti-Stokes type nonlinear optical emission process in which one higher energy photon is emitted for every two or more absorbed lower energy photons.
Since the first experimental demonstration in 1966, 11 this effect has received renewed interest due to its ever expanding application base in, for example, lasing, 12 laser cooling, 13 temperature sensing, 14 biomedical imaging and therapy, 15, 16 3D displays, 17 and, more recently, for broadening the spectral response of PV devices. [4] [5] [6] [7] [8] [9] In the context of Si PV devices, the UC of the sub-bandgap photons (k > 1100 nm) into above-bandgap photons (k < 1100 nm) increases the theoretical efficiency limit of a single-junction Si solar cell from near 30% up to 40% when illuminated under non-concentrated light. 2, 3 The UC layer is placed at the rear of the device to capture the transmitted photons and thus it is possible to independently optimize the layer for enhanced device performance. The key figure of merit for the UC layer is the quantum yield of the UC process (UC-QY). The internal UC-QY [iUC-QY] is defined as the ratio of the UC photons emitted to the total number of excitation photons absorbed, whereas the external UC-QY [eUC-QY] is defined as the ratio of the UC photons emitted to the total number of incident excitation photons. For fundamental understanding and to determine materials potential as spectral converter in conjunction with a PV device, it is important to measure both the iUC-QY and eUC-QY.
The UC material is usually available as powder and is hence embedded in a host matrix or binding agent for its application to solar cells. The matrix should ideally have the same refractive index as the UC material to reduce light scattering. Also the absorption of light by the matrix has to be negligible for both the absorption and emission spectral regions of the upconverter. 4, 8 Therefore, it is important to measure the iUC-QY and eUC-QY of the UC material in the desired host matrix. Most studies report only the eUC-QY of the UC phosphor powder without the host matrix, 8 or estimate it indirectly by applying the UC material in a binding agent to a solar cell. 4 Uncertainties arise in the former case due to scattering of the incident and emitted light by the UC powder, 8 while in the latter case, different loss mechanisms have to be estimated for the calculation of the UC-QY. near infrared (NIR) spectral region. 4 ), the multiphonon relaxation is greatly reduced as compared to oxides ($600 cm
À1
) and emissions show high efficiencies. 10 It should be noted that the 980 nm emission accounts for $97% of the total UC emission in b-NaYF 4 :Er 3þ under 4 I 15/2 ! 4 I 13/2 excitation. Additionally, multiple cation sites and microscopic disorder broaden the Er 3þ absorption spectra in the b-NaYF 4 host lattice and thus provides a broader window for harvesting the solar spectrum. 19, 20 Er 3þ UC emission can be achieved via several mechanisms including ground state absorption (GSA) followed by excited state absorption (ESA) or energy transfer upconversion (ETU), as depicted schematically in Figure 1 4 The majority of previous studies on UC-PV devices focused on 20 mol% Er 3þ doped b-NaYF 4 , which was shown to be the optimum within the limited range of 2, 20, 50, and 100 mol% doped samples under 1523 nm excitation. 4, 8 More recently, an extremely high iUC-QY of 16.2% 6 0.5% has been demonstrated in 10 mol% Er 3þ doped b-NaYF 4 when excited by a broadband laser source with bandwidth in the range of 61-80 nm. 21 However, there is a lack of systematic optimization of the Er 3þ doping in b-NaYF 4 :Er 3þ for PV device applications in literature.
In the present study, the iUC-QY and eUC-QY of b-NaYF 4 : Er 3þ have been optimized for 1523 nm (IR) monochromatic excitation and 980 nm (NIR) emission with respect to both the Er 3þ doping in b-NaYF 4 and the b-NaYF 4 :Er 3þ phosphor concentration in the perfluorocyclobutane (PFCB) host matrix. PFCB is a semifluorinated polymer of 1,1,1-tris (4-trifluorovinyloxy phenyl) ethane [Tetramer technologies LLC, USA], which cyclopolymerizes on heating. 22 The refractive index of b-NaYF 4 :20%Er 3þ was reported as 1.52 and 1.48, 4,23 the absorption coefficients are $5 cm À1 at 1523 nm and $3 cm À1 at 980 nm. 8 PFCB matches the refractive index of b-NaYF 4 exhibits a lower absorption than the latter in the region of interest, and thus seems to be a good host matrix for the chosen UC material. 22, 24 Moreover, PFCB has no molecular vibrations in the spectral window around 1550 nm where hydrocarbon based polymers typically show strong C-H absorptions. 24, 25 II. EXPERIMENTAL
A. Sample preparation
In the present study, the Er 3þ doping in the b-NaYF 4 host lattice and the concentration of the phosphor (b-NaYF 4 : Er 3þ ) in the PFCB matrix were optimized for a maximum UC-QY of the 980 nm emission upon 1523 nm monochromatic excitation. Samples of the pure hexagonal b-phase with about 10 lm grain size were synthesized according to Ref. 26 . b-NaYF 4 : Er 3þ samples with Er 3þ doping of 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 50%, and 75% were prepared. The phosphor powders were embedded in a PFCB matrix with different concentrations from 55.6 to 84.9 w/w% and cured at 160 C for 18 h. For higher concentrations than 84.9 w/w%, the PFCB could not bind the amount of phosphor anymore. The samples were finally polished to circular pellets of 1 mm thickness and 12.5 mm diameter. 
B. Sample characterizations
Monochromatic excitation light was selected from a supercontinuum laser (Fianium SC400 6 W) with a double monochromator. The absorbance, upconversion emission, excitation, iUC-QY, and eUC-QY of the samples were measured using a calibrated spectrofluorometer (Edinburgh Instruments, FLS920) equipped with an integrating sphere (Jobin-Yvon) and a liquid nitrogen cooled NIR photomultiplier tube (Hamamatsu, R-5587). The samples were mounted at the focal point of the excitation light. For investigating 100% phosphor sample, 5 mm diameter quartz cuvette filled with the powder was used. The error involved in the UC-QY measurements is 610% relative. Absorption spectra of b-NaYF 4 :Er 3þ in the PFCB matrix were measured in the integrating sphere of the spectrofluorometer via synchronous scans of the excitation and emission monochromators. Since the 4 I 11/2 ! 4 I 15/2 emission around 980 nm accounts for approximately 97% of the UC emission in b-NaYF 4 :Er 3þ , only this transition was considered for the UC-QY measurements. To eliminate any contributions of the host lattice and the polymer matrix to the scatter and emission spectra, reference samples with undoped b-NaYF 4 powder made with the same concentrations and under the same conditions as the corresponding Er 3þ doped samples were used. To determine the dependence of the UC-QY on the pump power, QY and power density were recorded using various ND filters in the excitation beam. The excitation slit width was used to define the area and was kept constant at 20 nm. This ensured that the beam area (square) is same for all the measurements. The beam size was measured using an IR imaging camera (Electrophysics MicronViewer 7290A) and a beam diagnostic software. A total of 238 camera shots were taken and the average beam size was determined as 10.5 Â 10 À4 cm 2 with a relative error of 0.03%. The beam power was measured by a calibrated germanium photodiode (Newport 818-IR) positioned at the focus of the excitation spot with a 1 lm resolution XYZ stage. The calibration error of the photodiode detector is 63%. The combined error of calibration (of the photodetector) and uncertainty associated with the power density (in measured power meter readings and the measured area) measurement is 64.4%. Lifetimes in the IR range were measured with an optical parametric oscillator (OPO) system (Opotek HE 355 II) pumped by the third harmonic of a Nd:YAG laser. This OPO system offers a continuous tunable optical range from 410 to 2400 nm with a pulse width of 10 ns and a repetition rate of 20 Hz. The temporal evolution of the Er in PFCB for different Er 3þ concentrations. For clarity, only selected spectra out of the whole concentration series are shown. The absorption increases with Er 3þ doping, but the growth is non-linear for samples with more than 10% Er 3þ . This effect is attributed to light scattering at phase boundaries, i.e., the samples are not transparent to the excitation light. UC emission spectra were measured for different Er À2 . The upconversion emission reaches a maximum at 25 mol% and decreases towards higher doping. In addition, the shape of the emission band changes; and above 25 mol%, a significant increase in intensity of the peaks at 988 nm and 995 nm together with a decrease of the 980 nm peak is observed. Since b-NaYF 4 :Er 3þ also absorbs near 980 nm, the observed emission broadening and shift in the maximum emission with increase in Er 3þ concentration could be related to the radiative trapping. The radiative trapping always occurs in a typical 3-level system when the absorption and emission spectra overlap. Similar emission line broadening effects have been reported in Nd 3þ doped phosphate glasses, Er 3þ doped tellurite based glasses, and Er 3þ doped ultraphosphate glasses. 27 The strength of radiation trapping can be scaled as f trap , i.e., the fraction of emitted radiation which is reabsorbed within the sample, and it can be expressed as
, where X is the spectral overlap of the emission and absorption bands, N Er Er 3þ concentration, r a the absorption coefficient, and V the sample volume. 27 The larger the value of f trap , the stronger the radiation trapping in the sample. With the increasing of Er 3þ doping concentration, the fraction of trapped radiation increases, so the 980 nm emission spectrum of Er 3þ ions broadens accordingly due to the enhanced radiation trapping effect. , respectively. This is a reporting method suggested by Auzel to account for higher efficiencies at higher incident powers, but is limited by saturation of UC-QY at higher powers. 10 It is worth to point out that the UC-QY at an Er 3þ concentration of 25 mol% is larger than at 20 mol%, which is the one most commonly used for Si based photovoltaics. The fact that the UC-QY increases with the concentration of Er 3þ up to 25 mol% clearly indicates that the process of energy transfer between the spatially separated Er 3þ ions rather than the process of excited state absorption involving a single ion dominates the UC mechanism. The UC-QY increases with the Er 3þ concentration due to the combination of a higher absorption and an enhanced probability for energy transfer between the Er 3þ ions. For Er 3þ concentrations higher than 25 mol%, the increased delocalization of the excitation results in concentration quenching and reduces the UC emission. 28 These competing effects result in an optimum doping of 25 
B. Dependence of the UC-QY on the excitation power
A two-photon UC process can be identified by a quadratic dependence of the number of UC photons on the excitation power. This is generally true for low excitation power as long as no saturation effects occur. 31 As the UC emission intensity has a quadratic power law dependence on the excitation intensity, the UC-QY would therefore have a linear dependence in a log-log plot. 20 To measure the dependence of the UC-QY on the excitation power, the PFCB pellets with b-NaYF 4 :Er 3þ having different Er 3þ doping concentrations were excited at the most efficient wavelength of 1523 nm with different laser power densities from 150 6 7 Wm À2 to 970 6 43 Wm
À2
. The deviation from the expected linear behavior of the UC phenomenon is clearly evident in Figures 3(a) and 3(b) , showing an increase respectively in the iUC-QY and eUC-QY as a function of the power density. It is interesting to note that the 25 mol% Er 3þ samples shows the highest UC-QY for all excitation powers studied. The eUC-QY on the other hand shifts to higher Er 3þ concentrations with decrease in power density (because of higher absorption). The log-log plots in Figures 3(c) and 3(d) show linear fits of the iUC-QY and eUC-QY versus the power density, respectively. For clarity, only a few representative samples are shown. One can identify two regions with different gradients for most of the Er 3þ concentrations. Table I summarizes the corresponding gradient values and the relevant low and high power regions for different Er 3þ concentrations. With increasing Er 3þ concentration, the deviation from the linear slope increases and the point of inflection shifts towards lower power density. This implies that saturation is reached at lower excitation power density in highly doped samples. Similar saturation effects have been observed in Er 3þ doped fluorozirconate glasses where a shift in the point of saturation to lower excitation power with increasing Er 3þ concentration has been observed for NIR to visible UC-QY. 32 It may be noted that the reported value of the gradient of log-log plot for the dependence of eUC-QY (for IR to visible and NIR upconversion) for b-NaYF 4 :20%Er 3þ powder in the low power (<490 Wm À2 ) region is 0.86 whereas in the higher (440-1050 Wm
) range is 0.35. 8 The decrease in slope is a well-known behavior in lanthanide doped materials that is related to changes in the rates between the different depopulation mechanisms of the excited states: increased higher order UC processes and cross-relaxations that can, at some point, even compete with the spontaneous radiative emission of the levels. 31 The decreasing slopes are thus due to a saturation of the One of the methods to distinguish an ETU from a GSA/ ESA mechanism is by comparing the UC excitation spectrum.
10 Figure 4 illustrates the excitation spectra of the four emission bands: level is studied at RT. It is known that GSA/ESA is a fast process that usually takes place during the laser pulse (10 ns in our case); and thus, the intensity will show an immediate decay directly after the excitation pulse if GSA/ESA is the dominant mechanism. The GSA/ETU mechanism, on the other hand, requires two ions in their intermediate excited states and a subsequent energy exchange which is a slower process. The energy transfer process populating the emitting state can occur after the laser pulse, therefore a rise in the UC transient after short pulse excitation before exponential decay is observed for ETU process. As the typical time associated with the ETU step is much longer than the 10 ns excitation pulse, the population of the emitting level increases after the short excitation pulse. The UC rise and decay times correlate with the decay rate constants of the intermediate state, the upper excited state, and the energy transfer rate constant. 33 Figure 5 Figure 5 (a) shows a semi-log plot for the 25 mol% Er 3þ sample. The temporal evolution of the 980 nm emission clearly shows a rise and a decay of the luminescence intensity evidencing the ETU processes as the dominant upconversion mechanism. The temporal evolution was fitted to a Vial's type equation, 34 I (t) ¼ A * exp(Àt/s D ) -B * exp(Àt/s R ), where s R and s D represent the rise and decay times, respectively. Figure 5(b) shows the rise and decay times for 55.6 w/w% b-NaYF 4 :Er 3þ in PFCB pellets as function of the Er 3þ concentration. The decay and rise times are constant for Er 3þ concentration up to 25 mol% and decreases for higher Er 3þ concentrations. This decrease is due to concentration quenching (energy migration to the trap states). Detailed analysis for estimating the life times is out of the scope of this work and would be covered in another publication.
D. Optimizing the b-NaYF 4 :25%Er 31 phosphor concentration in PFCB In Sec. III A, the maximum UC-QY was observed for the sample with 55.6 w/w% NaYF 4 :25% Er 3þ in the PFCB pellet. In this section, the phosphor concentration in the PFCB pellets was varied from 55.6 to 84.9 w/w% while the Er 3þ doping was kept fixed at 25 mol%. Figure 6 I 15/2 UC emission band around 980 nm after excitation at 1523 nm. In contrast to the trend observed with the change in Er 3þ concentration, as phosphor doping concentration increases, the absorption shows an anomalous behavior. The absorbance increases with the phosphor concentration, reaches a maximum at 75.8 w/w%, and decreases subsequently. The PFCB polymer has an absorption coefficient of 0.3 cm À1 at 1523 nm, which implies that with the decrease in polymer concentration, the absorbance of the samples decreases as observed in Fig. 6(a) . The UC emission, on the other hand, steadily increases with the phosphor concentration. In contrast to the case of increasing Er 3þ concentrations [see Figure 2(b) (squares). Scatter spectra of reference (solid curve) and the sample (dashed curve) with (b) 55.6 w/w%, and (c) 84.9 w/w% of b-NaYF 4 :25%Er 3þ in PFCB matrix at excitation (1523 nm) power density of 970 6 43 Wm À2 . The difference between the area under the scatter curve for reference and the corresponding sample gives the number of photons absorbed (shaded region). Clearly, the sample with 84.9 w/w% absorbs more photons than the sample with 55.6 w/w% of b-NaYF 4 :25%Er 3þ in PFCB matrix.
respectively, have been achieved for an excitation power density of 700 6 31 Wm À2 . Interestingly, whereas the iUC-QY of b-NaYF 4 :25% Er 3þ powder sample is higher than the sample with 84.9w/w% of b-NaYF 4 : 25% Er 3 þ in PFCB, the corresponding eUC-QY is lower. To understand the observed behaviour, the number of photons absorbed and emitted by the b-NaYF 4 :25% Er 3þ powder and the sample with 84.9w/w% of b-NaYF 4 : 25% Er 3þ in PFCB (for an excitation of 1523 nm and power density of 700 6 31 Wm
) have been compared in Figures 8(a)-8(c) powder. In addition, due to scattering, number of incident photons is less in the powder sample as compared to the 84.9w/w% sample. Also, the trapping of excitation energy in defects and other quenching centres in the powder sample cannot be ruled out. These factors might play a role in the observed lower eUC-QY in the powder samples.
An . 7 Recently, an IR!NIR iUC-QY of 16.2% for PFCB with 55.6 w/w% bNaYF 4 :10% Er 3þ has been demonstrated for a sample that had neither been optimized in Er 3þ concentration nor the phosphor concentration, using a broadband excitation (bandwidth of 61 nm) and a power density of $2 Â 10 6 Wm À2 .
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Both of these power density values are much higher than those used for PV applications. However, using the optimized Er 3þ dopant and phosphor concentration and an ideal matrix in conjunction with broadband excitation and emerging technologies (such as spectral concentration using quantum dots, 35 or photonic structures, 36 or near field enhancement using plasmonic structures 37, 38 ) would significantly improve efficiencies of low-power solar upconversion. This would make achieving a single-junction solar cell with efficiency beyond the Shockley-Queisser limit a reality.
IV. CONCLUSIONS
The present study reports for the first time the optimization of the IR (1523 nm) ! NIR (980 nm) upconversion of b-NaYF 4 :Er 3þ embedded in a PFCB matrix under monochromatic excitation. For an optimum Er 3þ doping of 25 mol% and a phosphor concentration of 84.9 w/w% an iUC-QY of 8.4% 6 0.8% (and eUC-QY of 6.5% 6 0.7%) has been achieved for 1523 nm excitation at 970 6 43 Wm
À2
. This corresponds to normalized internal and external efficiencies of 
